Aims/hypothesis AMP-activated protein kinase (AMPK) is a heterotrimeric enzyme that acts as an intracellular fuel sensor, directing multiple metabolic pathways in a catabolic direction in times of nutrient shortage. In humans, three different γ-subunits (γ 1 , γ 2 , γ 3 ) have been identified as AMPK regulators. The AMPKγ3 (protein kinase, AMPactivated, gamma 3 non-catalytic subunit, PRKAG3) isoform plays a role in gene regulation in glucose/lipid metabolism and skeletal muscle glycogen content. We investigated whether PRKAG3, in addition to being expressed in skeletal muscle, is also expressed in human liver. We also investigated whether genetic variance in PRKAG3 is associated with glucose and/or lipid metabolism in non-diabetic whites. Materials and methods After sequencing a screening cohort (n=50) in the PRKAG3 locus, we genotyped 1061 participants for frequently found single nucleotide polymorphisms (SNPs). Association analyses between genotypes/ haplotypes and metabolic traits were carried out.
Introduction
The AMP-activated serine/threonine protein kinase (AMPK) is of pivotal importance for cellular responses to stresses causing depletion of ATP, which is the major intracellular source of energy. Upon increased AMP/ATP ratio, AMP binds and activates AMPK, which subsequently acts on a broad range of signalling pathways involved in metabolic regulation, e.g. cholesterol synthesis, fatty acid transport and oxidation, insulin secretion, glucose uptake, lipogenesis or lipolysis [1, 2] . AMPK not only acts directly on various enzymes involved in these metabolic pathways, but also on the transcriptional level of many genes acting in glucose and lipid metabolism [3] . In this way, AMPK controls cellular energy homeostasis, switching off ATPconsuming (e.g. protein synthesis, cholesterol synthesis) and initiating ATP-and energy-producing processes (e.g. lipid oxidation, glucose uptake) in times of nutrient shortage [4] . Type 2 diabetes emerges when insulin resistance cannot be counterbalanced by increased insulin secretion due to a gradual loss of pancreatic beta cell function [5] . Each of the above-named AMPK-controlled metabolic pathways that are influenced by AMPK activity may contribute to final onset of type 2 diabetes under pathological conditions. Therefore, the gene encoding AMPK is an interesting candidate for type 2 diabetes pathogenesis and a potential therapeutical target, especially as AMPK is sensitive to oral glucose-lowering agents such as metformin and thiazolidinediones [6] . AMPK is a heterotrimeric enzyme, comprising one catalytic α-subunit (two isoforms: α 1 and α 2 ), one regulatory β-subunit (β 1 and β 2 ) and one regulatory γ-subunit (γ 1 , γ 2 and γ 3 ). The γ-subunits of the AMPK trimeric enzyme are responsible for AMP binding and therefore important for subsequent activation of the AMPK enzyme complex [7] . The different γ-isoforms of each subunit are encoded by different gene loci, and transcription of these genes varies among different tissues. While the γ 1 and γ 2 isoforms are produced throughout a broad range of different tissues, transcription of the gene encoding the γ 3 isoform AMPKγ3 (protein kinase, AMP-activated, gamma 3 non-catalytic subunit, PRKAG3) seems to be more restricted and is mainly ascribed to white skeletal muscle in animals and humans [8] . However, weaker PRKAG3 expression has been reported for heart and pancreas; moreover PRKAG3-associated AMPK activity has also been found in rat liver lysates [9] . In Prkag3 knockout (Prkag3 −/− ) mice, post-exercise glycogen resynthesis, as well as gene expression of glucose transporter 4 (also known as solute carrier family 2 [facilitated glucose transporter], member 4 [Slc2a4]) and of several lipid-oxidative enzymes, was impaired in skeletal muscle [10] . The opposite phenotype was found in transgenic animals expressing a constitutively active PRKAG3 mutant (PRKAG3 R225Q ) under the control of a muscle-specific promoter [11] . These animals show increased exercise-induced muscular glycogen resynthesis and opposing effects on gene expression, resulting in prevention of dietary-induced insulin resistance through increased fat oxidation. Taken together, PRKAG3-associated AMPK activity is thought to be important for the development of insulin resistance in skeletal muscle, while data on a physiological role of PRKAG3 in liver or other insulin-sensitive organs are still lacking.
Several genetic human studies were conducted to investigate the potential association of genetic variance of AMPK subunits with type 2 diabetes. While large-scale testing and haplotype analysis of the genes encoding protein kinase, AMP-activated, alpha 2 non-catalytic subunit (PRKAA2), protein kinase, AMP-activated, beta 1 non-catalytic subunit (PRKAB1) and protein kinase, AMPactivated, beta 2 non-catalytic subunit (PRKAB2) did not reveal any significant association with type 2 diabetes or insulin sensitivity in a Canadian and Scandinavian population [12] , PRKAA2 variance was shown to correlate with insulin resistance and susceptibility to type 2 diabetes in a Japanese study [13] and with serum lipids in healthy white women [14] . In a Chinese population, two polymorphisms in the protein kinase, AMP-activated, gamma 2 noncatalytic subunit gene (PRKAG2) were associated with higher concentrations of serum triacylglycerol and total cholesterol, with risk of type 2 diabetes tending to be higher in single nucleotide polymorphism (SNP) carriers [15] . The only mutations at the protein level of human AMPK subunit isoforms that are known to confer functional effects on AMPK activity are localised in the C-terminus of PRKAG2. Most of these polymorphisms impair or even abolish AMPK activation due to a hampered binding affinity of the regulatory PRKAG2 subunit to AMP or ATP [16, 17] . Carriers of these PRKAG2 variants predispose to hypertrophic cardiomyopathy owing to cardiac glycogenosis [18] and often suffer from the WolffParkinson-White syndrome [19] . By contrast, no reports exist so far on PRKAG3 genetic variance and its possible association with prediabetic traits in humans. We, therefore, investigated in this study whether polymorphisms in PRKAG3 correlate with glucose and lipid metabolism in a carefully phenotyped population of non-diabetic whites.
Methods
RT-PCR for PRKAG3 To investigate whether PRKAG3 is expressed in human liver, human liver cDNA cloned into the pACT2 vector was purchased (Clontech, Mountain View, CA, USA) and amplified in competent bacteria before analysis. The primers PRKAG3 forward 5′-CCAGAGG CACTAGGATTACC-3′ and PRKAG3 reverse 5′-TCTCTT GCCACAAGTTCAGG-3′ were used to amplify a 501 bp fragment localised in the 3′ untranslated region (UTR) of the PRKAG3 transcript. Specificity of the PCR fragments obtained was verified by sequencing. As a positive control, cDNA obtained by RT-PCR from skeletal muscle was used as a template. RNA was isolated from a human skeletal muscle biopsy with Trizol (Invitrogen, Carlsbad, CA, USA) and purified by RNAse-free DNAse from a blood RNA kit (PAXGene Blood RNA Kit, PreAnalytiX; Qiagen, Zurich, Switzerland). Synthesis of cDNA was done using a kit (1st Strand cDNA Synthesis KIT for RT-PCR AMV; Roche Diagnostics, Basel, Switzerland). cDNA libraries of human adipose tissue and brain (CLONTECH) were used as negative controls.
Participants Data from 1,061 non-diabetic whites from southern Germany with and without a family history of type 2 diabetes were analysed for this study. The participants were not taking any medication known to affect glucose tolerance, insulin sensitivity or serum lipids. For the test period, strict abstention from smoking was required. Informed written consent was obtained from all participants and the local medical ethics committee approved the protocol. From this study cohort, 206 participants underwent a hyperinsulinaemic-euglycaemic clamp, 200 were characterised for intramyocellular lipids (IMCL) and 155 characterised for liver fat.
Body composition and body fat distribution Body composition was measured as percentage of body fat by bioelectrical impedance (RJL, Detroit, MI, USA). BMI was calculated as weight divided by the square of height (kg/m 2 ). Waist and hip circumferences were measured in the upright position and waist-to-hip ratio was calculated as an indicator of body fat distribution.
Determination of intramyocellular and intrahepatic lipids
Intramyocellular lipid content and liver fat were determined by proton magnetic resonance spectroscopy. Local imageguided proton spectra of the mixed tibialis anterior muscle (containing mainly type IIb, anaerobic, glycolytic, fasttwitch fibres) were obtained with a 1.5 T whole-body imager (Magnetom Sonata; Siemens Medical Solutions, Erlangen, Germany). For volume selection, a single-voxel stimulated echo acquisition mode (STEAM) technique was applied (echo time=10 ms, repetition time=2 s, volume of interest 11×11×20 mm 3 , 40 acquisitions). IMCL was quantified in fixed frequency regions in relation to methylene signal of creatine as described elsewhere [20] . For determination of liver fat content, modified STEAM parameters were used (repetition time=4 s, echo time=10 ms, 32 acquisitions) for a voxel of 3×3×2 cm 3 placed in the posterior part of the seventh segment of the liver. Liver fat content was then calculated as described before [21] .
Oral glucose tolerance test OGTT was performed as recommended by the World Health Organization [22] . In addition to blood glucose, we determined plasma insulin, C-peptide and serum NEFA levels at 0, 30, 60, 90 and 120 min.
Calculations of insulin sensitivity and insulin secretion Insulin sensitivity was calculated for all study participants from OGTT glucose and insulin values as described by Matsuda and deFronzo [23] . Insulin secretion was estimated from C-peptide concentrations obtained at 30 min of the OGTT.
Hyperinsulinaemic-euglycaemic clamp A subgroup of 206 individuals underwent a hyperinsulinaemic-euglycaemic clamp to determine insulin sensitivity. A bolus-primed insulin infusion rate of 40 mU m −2 min −1 was administered over a 2 h period. Blood glucose was determined every 5 min to adjust the parallel infusion rate of exogenous glucose in order to maintain the baseline glucose level. Plasma insulin was measured at baseline and during the steady state of the clamp. Clamp-derived insulin sensitivity was calculated as the glucose infusion rate necessary for maintaining euglycaemia during the steady-state period (last 40 min) of the clamp divided by the steady-state insulin concentration.
Analytical procedures Blood glucose was determined using a bedside glucose analyser (Yellow Springs Instruments, Yellow Springs, CO, USA). Plasma insulin was determined by microparticle enzyme immunoassay (Abbott Laborato-ries, Tokyo, Japan). A colorimetric assay was used for determination of serum cholesterols (Bayer HealthCare, Leverkusen, Germany) and triacylglycerol (Roche Diagnostics, Mannheim, Germany). NEFA were measured with an enzymatic method (WAKO Chemicals, Neuss, Germany), plasma C-peptide by radioimmunoassay (Byk-Sangtec, Dietzenbach, Germany) and leptin and adiponectin by ELISA (Linco Research, St Charles, MO, USA).
Genotyping DNA was obtained from the Buffy coat of EDTA blood samples after erythrocyte lysis (TRIS-HCl 0.1 mol/l, MgCl 2 0.1 mol/l, NaCl 0.5 mol/l, pH=7.6; 3× 45 min, room temperature), white blood cell lysis (TRISHCl 10 mmol/l, EDTA 10 mmol/l, NaCl 50 mmol/l, SDS 0.2%, proteinase K 200 μg/ml, pH 7.6; 6 h at 42°C) and protein precipitation (Na-Acetat 
Results
Expression of PRKAG3 in human skeletal muscle and liver As previously published reports on PRKAG3 gene expression provide conflicting data concerning hepatic expression of PRKAG3 [8, 9] , we tested PRKAG3 expression in cDNA obtained from human brain, adipose tissue (negative controls), skeletal muscle (positive control) and liver. We were able to amplify PRKAG3 in the hepatic cDNA preparation tested (Fig. 1) and conclude that PRKAG3 is not restricted to skeletal muscle in humans, but also expressed in human liver. We, therefore, extended our analyses of PRKAG3 genetic variance to liver-specific prediabetic traits beyond characteristics that are related to skeletal muscle.
Baseline characteristics of the study cohort The 1,061 nondiabetic participants (362 men/699 women) had a mean (±SEM) age of 37.1±0.4 years, a mean BMI of 26.7± 0.2 kg/m 2 and a mean body fat of 28.8±0.3%. In the fasting state, mean plasma glucose was 5.03±0.02 mmol/l and plasma insulin was 55.8±1.5 pmol/l. A family history of at least one second-degree relative with diabetes mellitus was confirmed by 71.4% of participants.
Genetic analysis of the PRKAG3 locus The screening analysis revealed two SNPs with a MAF >0.05 in our population, namely rs692243 (C/G) in exon 3 (MAF= 0.164) and rs6436094 (A/G) in the 3′UTR (MAF=0.261). rs692243 causes a mutation at the protein level (Pro71Ala) of PRKAG3. Both SNPs were distributed according to Hardy-Weinberg equilibrium (χ 2 test: p=.76 for rs692243; p=0.98 for 6436094). The two SNPs were in moderate LD Fig. 1 Human adipose tissue (AdipT), brain, skeletal muscle (SkM) and liver cDNA were subjected to PCR analysis with primers specific for the PRKAG3 subunit. Expected size of the PCR fragment was 501 bp. Specificity for PRKAG3 was confirmed by additional sequencing (D′=0.92, r 2 =0.47). Interestingly, MAF and LD values of our study cohort were very similar to the CEU population (Utah residents with ancestry from northern and western Europe: D′=0.92, r 2 =0.53; phase II data) of the HapMap Project [26] . The two SNPs investigated for this study were also selected by the Tag SNP Picker program of the HapMap Project; in the PRKAG3 locus (including 5,000 bp of the promoter region) no additional SNPs with a MAF >0.05 were present in the CEU.
Correlation of PRKAG3 genotype with anthropometrics, blood glucose and parameters of insulin sensitivity and insulin secretion No correlation was found between rs692243 and rs6436094 genotype and anthropometric data of our study population, e.g. age, sex, BMI, waist-to-hip ratio, body fat or family history of diabetes. There were also no associations with fasting plasma glucose or insulin or with the 2 h glucose or insulin levels during the OGTT. Insulin sensitivity was not altered according to the two SNPs, either in the estimation model of Matsuda and DeFronzo [23] , or in the group of 206 participants who underwent a hyperinsulinaemic-euglycaemic clamp. Differences in insulin secretion were also not found among PRKAG3 genotypes (Table 1) .
Analysis of intramyocellular lipids in association with
PRKAG3 genotype Both mice (PRKAG3 R225Q ) and pigs (PRKAG3 R200Q ) with a mutated PRKAG3 exhibit a phenotype with increased glycogen content in white, nonoxidative fast-twitch muscle [27, 28] . In diabetic human patients, skeletal muscle glycogen content is inversely correlated with IMCLs [29] . On the other hand, increased IMCLs are associated with insulin resistance in nondiabetic whites [20] . For this reason, we investigated whether the PRKAG3 SNPs are associated with IMCLs of the primarily non-oxidative, fast-twitch, glycolytic tibialis anterior muscle. In 200 participants, spectroscopically determined IMCL were not associated with the different alleles of rs692243 and rs6436094 (Table 1) .
Analysis of lipid parameters and association with PRKAG3 genotype and inferred diplotypes After adjustment for age, sex and body fat, LDL-cholesterol was significantly increased in carriers of the minor alleles of both rs692243 (CG, 4.3%; GG, 7.6% vs the common allele CC; p=0.008, dominant model) and rs6436094 (AG, 3.3%; GG, 11.3% vs the common allele AA; p=0.009; Table 2 ). This increase was paralleled by higher serum levels of apolipoprotein (Apo) B-100 (rs692243: CG, 3.4%; GG, 5.4%, p=0.01; rs6436094: AG, 1.7%; GG, 11.1%; p=0.05) and total cholesterol (p=0.02 for rs692243; p=0.08 for rs6436094). There were no significant associations with fasting and 2 h serum NEFA, HDL-cholesterol or triacylglycerol. We next tested whether serum adiponectin and leptin levels differed among PRKAG3 genotypes, as both adipokines can activate AMPK in different tissues [4] and therefore may interfere with the genetic analysis. However, neither adiponectin nor leptin showed a significant variability across different PRKAG3 genotype groups. In addition, no statistically significant association between spectroscopically determined liver fat content and PRKAG3 variance was found (Table 2) .
To test which allele combinations are associated with the highest increase in LDL-cholesterol, we conducted a haplotype analysis with generation of inferred diplotypes. Eight inferred diplotypes were found in our population, five of which had a frequency of >0.02. Adjusted LDLcholesterol levels were highest in the GG/GG diplotype, which is homozygous for both SNPs. Analysis of variance comprising all five frequent diplotypes reached an almost significant level (p=0.059), possibly due to the relatively small sample size for the diplotypes containing both minor alleles (Fig. 2) .
Discussion
This is the first study to have investigated the associations of genetic variance of PRKAG3 with carefully phenotyped prediabetic traits in a non-diabetic study cohort. We found two frequent SNPs in our population, which reflected very well the CEU population of the HapMap Project in respect to minor allele frequencies and LD of detected SNPs. The rs692243 SNP causes a mutation (Pro71Ala) in the N-terminus of PRKAG3, while the 3′UTR-located rs6436094 may play a role in mRNA stability. Although PRKAG3 has been suggested to play a major role in white skeletal muscle [8] , we did not find associations with prediabetic traits reflecting skeletal muscle insulin sensitivity. There was also no significant correlation with other parameters of glucose metabolism, e.g. fasting and 2 h (OGTT) blood glucose, plasma insulin levels or insulin secretion. We additionally tested whether spectroscopically analysed IMCL in fasttwitch, glycolytic type IIb fibres containing tibialis anterior muscle is associated with the PRKAG3 genotypes, as animals in which a mutation in PRKAG3 causes enhanced AMPK activity have a higher glycogen content in white skeletal muscle [27, 28] and IMCLs have been shown to inversely correlate with intramuscular glycogen content in obese diabetic patients [29] . We found no significant association of IMCL with PRKAG3 genotype in our study.
In contrast, we detected significant associations of LDLcholesterol and ApoB-100 serum levels with the genotypes of both PRKAG3 SNPs. Associations of the genes encoding AMPK with serum lipoproteins have been reported for [14] and the regulatory subunit PRKAG2 in a Chinese population [15] . Interestingly, in these two studies, parameters of insulin sensitivity were also not altered between different genotypes. LDL particles and their core protein ApoB-100 are synthesised by the liver in order to transport esterified cholesterol to peripheral tissues [30] . Elevated serum LDL-levels are commonly a result of impaired LDL-receptor function in the liver, a frequently found abnormality in familial hypercholesterolaemia [31] . Therefore, our finding of PRKAG3 in a human liver cDNA library and the detection of a 4.4 kb transcript with a γ 3 -specific probe by northern blot in an even broader range of human tissues by Cheung et al. [9] support the hypothesis that PRKAG3 activity, though generally reported to be strongest in skeletal muscle, may not be as specific to skeletal muscle as previously thought. This hypothesis is also supported by AMPK enzyme activities found in rat liver lysates that had undergone immunoprecipitation with an antibody directed against the γ 3 -subunit [9] . Changes in PRKAG3-dependent AMPK activity in liver could explain the observed phenotype in minor allele carriers, as AMPK is able to inhibit the key enzyme of cholesterol synthesis, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, by phosphorylation on serine 872 [32] [33] [34] . In addition, increased LDLcholesterol levels could also be a consequence of altered sterol regulatory element binding transcription factor 1 (SREBP1) function. SREBP1 positively regulates expression of the genes encoding HMG-CoA reductase and HMG-CoA synthetase; it also induces transcription of the LDL receptor gene in many different tissues [35] . Interestingly, SREBP1 (also known as sterol regulatory element binding protein-1 [SREBF1]) transcription is significantly upregulated in Prkag3 −/− knockout mice and downregulated in PRKAG3 R225Q mice [36] . On the other hand, PRKAG3-associated activity in skeletal muscle may also contribute to changes in LDLcholesterol serum levels. Beyond SREBP1 transcription [36] , PRKAG3 regulates gene expression of various glucose-and lipid-metabolic key enzymes in white skeletal muscle [37] and therefore may have an effect on endogenous skeletal muscle cholesterol synthesis and LDL receptor expression. Such changes in cholesterol synthesis or LDL receptor expression of myocytes could alter their LDL-cholesterol ingestion, subsequently also altering serum LDL-cholesterol levels, as skeletal muscle tissue accounts for ∼5% of total peripheral LDL-cholesterol uptake [38, 39] .
Based on the assumption that PRKAG3-mediated downregulation of HMG-CoA reductase or PRKAG3-mediated transcriptional regulation of SREBP1 in liver or skeletal muscle accounts for the observed phenotype in our study, it may be speculated that the SNPs in human PRKAG3 reported here confer a negative effect on PRKAG3-associated function. This raises the question of whether the Pro71Ala mutation caused by rs692243 could be relevant for PRKAG3 function. PRKAG33 contains four cystathionine β-synthase domains in its N terminus, while no domains or classical secondary structures have been predicted that would be affected by the Pro71Ala mutation. In this regard, it is interesting that all reported functional polymorphisms in the PRKAG2 isoform have only been found in its C terminus [16] . Therefore, a functional relevance of Pro71Ala in PRKAG3 seems unlikely, and rs692243 (Pro71Ala) may rather tag another functional SNP, e.g. in the PRKAG3 promoter. Indeed, HapMap analysis reveals seven other SNPs in the 25 kb promoter region between PRKAG3 and its neighbouring gene, six of which are in high LD (all D′=1.0) with rs692243 and may influence PRKAG3 transcriptional rate.
Some limitations of our study have to be considered. Our analysis is based on cross-sectional data derived from a non-diabetic healthy population. This study design does not allow any assumptions on later onset of clinically relevant hypercholesterolaemia or arteriosclerosis. In addition, the findings have to be reproduced in other populations before final conclusions on the role of PRKAG3 genetics in human glucose and lipid metabolism can be drawn.
In summary, genetic variance of the PRKAG3 locus is significantly associated with LDL-cholesterol and ApoB-100 serum levels in a non-diabetic white population, but not with prediabetic traits. It would therefore be worthwhile to test whether the SNPs in PRKAG3 are determinants of Fig. 2 The five most common (>0.02) diplotypes (1st allele/2nd allele) are presented in the order of appearance of rs692243 (exon 3) and rs6436094 (3′UTR) following their distance from the PRKAG3 start codon. LDL-cholesterol measurements were logarithmically transformed and adjusted for age, sex and body fat. The difference Δlog LDL-cholesterol of all frequent (MAF >0.02) diplotypes is presented as means + SEM relatively to the mean log LDL-cholesterol measurements of the most common diplotype CA/CA, containing only wild-type alleles for both SNPs (dashed line). CA/CA: n=568, frequency 0.54; CG/CA: n=163, frequency 0.15; GG/CA: n=239, frequency 0.22; GG/CG: n=33, frequency 0.03; GG/GG: n=27, frequency 0.03 lipid metabolism in populations with familial hypercholesterolaemia. Such findings would strongly support the hypothesis that PRKAG3 may be an interesting therapeutical target for metabolic diseases such as hypercholesterolaemia or atherosclerosis.
